Introduction
In the past decade, the number of models developed for predicting the folding rates of three-state proteins was found to be lower when compared to models developed for two-state proteins. This is due to the reason that the folding pathway of three-state proteins has an intermediate state which makes the folding of three-state proteins a complicated process, whereas no intermediate state was observed in the folding pathway of two-state proteins.
Also, the three-state proteins have higher chain length and 3D structures mostly organized with more than a single domain, whereas two-state proteins have single domain with chain length around 100 residues. Because of these complexities present in three-state proteins, theoretical models developed to predict the folding rates of three-state proteins remains limited. However overcoming these complexities, considerable number of models has been developed to predict the folding rates of three-state proteins. The models developed for predicting the folding rates of three-state proteins have been discussed under section 1.9.5 in chapter-I.
Contact formation between two residues along the sequence in an unfolded polypeptide chain is one of the most elementary processes of protein folding. Experimental support for the importance of long-range contacts has been observed in the unfolded non-native state of several proteins using the NMR method. Ittah and Haas (1995) analyzed the folding intermediates of bovine pancreatic trypsine inhibitor using NMR and revealed that the loops formed in early, non-native states are stabilized by nonlocal interactions. Seetharaman et al. (2002) showed that the NMR study on the early formation of hydrophobic clusters in the non-native state of lysozyme was linked together by long-range interactions. Lietzow et al. (2002) studied the acid-unfolded state of apomyoglobin using paramagnetic spin labeling and observed that significant interactions are observed between N-and C-terminal regions. Mizuguchi et al. Felitsky et al. (2008) showed that hydrophobic clusters with transient long-range contacts observed in the acid-unfolded state of apomyoglobin played key role in initiating chain collapse and folding. Meier et al. (2008) suggested that by using novel NMR techniques, it has become possible to obtain information about local conformations as well as long-range interactions present under denaturing conditions. Zarrine-Afsar et al. (2008) 
Importance of long-range interactions in protein folding
Gromiha and Selvaraj (1999) The all-α proteins had more number of long-range contacts in the 4-10 range, whereas all-β proteins posses more number of long-range contacts in 11-20
range. This was suggested to be due to the specific hydrogen bonding pattern of α-helices and β-sheets in these structural classes. In mixed-class proteins, the range 4-10 was favored by α+β class proteins, while the α/β class proteins prefer the 21-30 range. These results showed that long-range contacts from various sequence separation bins are crucial in the folding of proteins belonging to the four major structural classes and different structural classes 38 prefer long-range contacts from different sequence separation bins to reach their 3D structure.
Since, it was observed that long-range interactions plays a crucial role in protein folding, we have used the parameter long-range order (LRO) derived from the long-range interactions to understand the folding rates of three-state proteins. A correlation of -0.70 was observed between folding rates of 35 threestate proteins and LRO obtained at a sequence separation distance of 7 residues at spatial distance cut-off of 10Å.
Hence in the present work, following the methodology of Gromiha and Selvaraj (1999) long-range contacts from different bin intervals (4-10; 11-20;
21-30; 31-40; 41-50; 51-60; >60) were computed and their roles were analyzed in predicting the folding rates of three-state proteins. Results observed from the present work showed a significant correlation between folding rates and longrange contacts from various sequence separation bins. Linear regression equations were developed using long-range contacts for predicting folding rates of 35 three-state proteins and for comparison, analysis of long-range contacts from various sequence separation bins in 45 two-state proteins was also carried out and their folding rates were predicted with better accuracy.
Materials and methods
In the present work, we have taken a data set of 35 three-state and 45
two-state proteins belonging to three major structural classes (all-α, all-β and mixed-class). Atomic co-ordinates for the proteins were taken from Protein Data
Bank (Berman et al. 2000) . The experimental folding rates ln(k f ) for this proteins were collected and reported in Ouyang and Liang (2008) . The computation of 39 long-range contacts from various bin intervals has been detailed in the following section.
Computation of long-range contacts from various bin intervals
Following the methodology of Gromiha and Selvaraj (1999) various numbers of long-range contacts occurring at various bins (4-10, 11-20, 21-30, 31-40, 41-50, 51-60 and >60) for all the residues in a protein molecule was computed. Each residue in a protein molecule has different number of longrange contacts at different sequence separation bins. The number of longrange contacts occurring in each bin for all the residues in 35 three-state and 45 two-state proteins were computed using an in-house FORTRAN program.
Correlation between long-range contacts from various sequence separation bins (4-10; 11-20; 21-30; 31-40; 41-50; 51-60; >60) and experimental folding rates for both the 35 three-state and 45 two-state proteins was computed.
Prediction of folding rates based on long-range contacts using multiple regression technique
We have predicted the folding rates for the 35 three-state and 45 twostate proteins by relating long-range contacts obtained from various sequence separation bins and experimental folding rates using multiple regression technique. In the multiple regression case, when there is more than one independent variable, the regression line cannot be visualized in the twodimensional space. Hence in the multiple regression technique the relationship between several independent or predictor variables and a dependent or criterion variable is analyzed. In our present work, experimental folding rates are considered as the dependent variables and long-range contacts from various bin intervals were considered as the independent variables. In general, 
Results and Discussion

Relationship between long-range contacts from various sequence separation bins and folding rates for three-state proteins
In Table 3 
Folding rate prediction of three-state proteins based on long-range contacts
In Table 3 In the stringent jack-knife prediction, experimental folding rates of 13 proteins were predicted with a deviation less than 1 when compared with experimental folding rates. The average deviation between experimental and predicted folding rates for the 35 three-state proteins through jack-knife method is 2.12. Figure 3 .1 represents the scatter plot between experimental and backcheck, jack-knife predicted folding rates for the 35 three-state proteins.
Relationship between long-range contacts from various sequence separation bins and folding rates for 45 two-state proteins
In Table 3 showed that rate-limiting long-range contacts of proteins with lower folding rates are present at distant sequence separation bins. In other words, as there are more number of long-range contacts from distant sequence separation bins (higher sequence separation distance), the time taken by the proteins to fold to their native state increases. Inversely, proteins that fold with higher folding rate have no long-range contacts are at distant sequence separation bins.
Folding rate prediction of two-state proteins based on long-range contacts from various sequence separation bins
Implication of long-range contacts in protein folding rates
A number of experimental studies have been carried out to understand the fundamental process of contact formation between residues that are far away in sequence. Hagen et al. (1996) carried out the first experimental determination for the time scale of contact formation through nanosecond resolved spectroscopy and showed that the regions of unfolded Cytochrome C separated by ~50 residues diffuse together in 35-40μs and was suggested that the approximate upper limit on the rate of collapse of a random coil to a compact structure should be ~10 6 S -1
. Interactions between side chains on opposite strands of anti-parallel β-sheets are required for their stability and initiation of a parallel β-sheet requires contact between residues distant in sequence (Gellman, 1998). Contact formation rates over longer distances decrease with increasing chain length, indicating different rate-limiting steps for motions over short-and long-chain segments (Krieger et al., 2003) .
Apart from experimental observations, importance of long-range interactions is also observed in theoretical and simulation works. Mirny et al. 
Conclusion
In the present work, we have elucidated how long-range contacts play a crucial role in the folding mechanism of three-state and two-state proteins belonging to all-α, all-β and mixed-structural classes. Our present method makes use of long-range contacts observed in the 3D structure of proteins for describing the folding mechanism of proteins that fold through three-state and two-state kinetics. Without including any other information such as secondary structure content, amino acid composition and chain length our method predict the folding rates of both three-state and two-state proteins by using only longrange contacts observed in the 3D structures. Folding rates of 35 three-state and 45 two-state proteins with known 3D structures have been easily predicted with reasonable accuracy. This study reveals the importance of long-range 46 contacts from various sequence separation bins in predicting the folding rates of three-state and two-state proteins. Results observed from this present work strongly evidence that long-range contacts present in the 3D structure at various sequence separation bins were found to be an important descriptor in predicting the folding rates of both two-state and three-state proteins.
